Transcription by RNA polymerases (RNAPs) is essential for cellular life. Genes are 21 often transcribed by multiple RNAPs. While the properties of individual RNAPs are well 22 appreciated, it remains less explored whether group behaviors can emerge from co- 23 transcribing RNAPs under most physiological levels of gene expression. Here, we 24 provide evidence in Escherichia coli that well-separated RNAPs can exhibit 25 collaborative and antagonistic group dynamics. Co-transcribing RNAPs translocate 26 faster than a single RNAP, but the density of RNAPs has no significant effect on their 27 average speed. When a promoter is inactivated, RNAPs that are far downstream from 28 the promoter slow down and experience premature dissociation, but only in the 29 presence of other co-transcribing RNAPs. These group behaviors depend on 30 transcription-induced DNA supercoiling, which can also mediate inhibitory dynamics 31 between RNAPs from neighboring divergent genes. Our findings suggest that 32 transcription on topologically-constrained DNA, a norm across organisms, can provide 33 an intrinsic mechanism for modulating the speed and processivity of RNAPs over long 34 distances according to the promoter's on/off state. 35 36 KEYWORDS 37 Transcription elongation, DNA supercoiling, group behaviors, gene regulation, 38 premature termination 39 40 41 al. Pelechano et al., 2009; Vijayan et al., 2011; Wade and Struhl, 2004), implying 72 that RNAPs can be separated by a wide range of distances during transcription 73 elongation. Under these physiological contexts, it remains unknown whether RNAPs 74 traveling at a distance affect each other and therefore show group behavior. It is 75 generally assumed, without concrete experimental evidence, that well-separated 76 RNAPs transcribe a gene the same way as a single RNAP transcribes a gene by itself.
RNAPs to complete lacZ transcription following promoter inactivation. This result is inhibition, as a decrease in r was also observed when the promoter was turned off with 162 rifampicin ( Figure S5A ). 163 Could promoter inactivation somehow cause the formation of a long-lived pause 164 near the end of the lacZ gene? If it did, shutting off the promoter earlier, such as at t = 165 45 s instead of 90 s, would result in the same delay, as the RNAPs should only 166 experience this pause when they reach that pause site near the end of the gene. If, 167 instead, the apparent RNAP slowdown is not linked to the formation of a specific pause, 168 but occurs immediately or shortly after promoter inactivation, turning off the promoter 169 earlier should further delay the first appearance of LacZ activity. We observed the latter 170 ( Figure S6 ), arguing against the formation of a specific pause site and arguing in favor 171 of an apparent slowdown of RNAPs immediately after the promoter is turned off.
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We confirmed the long-distance effect of the promoter shut-off on transcription The apparent RNAP slowdown in response to promoter inactivation occurs in 193 vitro with the minimal set of components needed for transcription 194 To examine whether our promoter shut-off observations are linked to an inherent 195 property of transcription (i.e., independent of other cellular processes), we turned to an 196 in vitro transcription assay. For this, we used a plasmid containing the original lac 197 operon sequence with a two-base mutation in the promoter (lacUV5), which is 198 commonly used in in vitro studies because it does not require an activator protein (CAP) 199 for full promoter activity (Noel and Reznikoff, 2000) . Since transcription is independent Figure 3C ). We note that the elongation rate with the 250 constitutively active promoter (no rifampicin) was lower in the presence of Topo I than in 251 its absence ( Figure 3C vs. Figure 3A) . One possible explanation is that Topo I not only 252 removes the accumulated negative DNA supercoils behind the last RNAP when the 253 promoter is turned off, but also removes negative DNA supercoils in-between RNAPs 254 before they can cancel out with positive DNA supercoils generated by the nearby RNAP. Figure 4E ).
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A single RNAP was also largely insensitive to promoter activity, as we did not 288 observe a significant delay in LacZ activity appearance when the lac promoter was 289 turned off 90 s after induction with 0.02 mM IPTG ( Figures 4F and S9 ). The apparent 290 rate of transcription elongation was similar (P value = 0.42 from two-tailed t test) 291 regardless of the promoter's ON/OFF state ( Figure 4G ). Thus, the apparent slow-down 292 in transcription elongation when the promoter is turned off is not a property of a single 293 RNAP; instead, it is an emergent property of an RNAP group. Figure 5A ), leading to a Z3/Z5 ratio close to 1 for various 304 IPTG concentrations ( Figure 5B ). Since the degradation rates of the Z3 and Z5 regions 305 were the same (with a mean lifetime of ~1.5 min, Figure S10 ), these results indicate that 306 premature termination during lacZ transcription is negligible when the promoter remains 307 active, as previously reported (Iyer et al., 2016) . In contrast, when the promoter was 308 shut off at 90 s, only ~50% of the RNAPs that transcribed the Z5 probe region reached 309 the Z3 region ( Figures 5C and 5D ). Thus, a reduced elongation rate in response to a 310 block in transcription initiation is associated with a significant increase in premature 
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To test this prediction, we inserted gfp, driven by either a strong or a weak 328 promoter, between lacI and lacZ on a plasmid in the ΔlacZYA strain ( Figure 6A ). Both 329 promoters were derived from the E. coli ompA promoter, which we mutated to modulate 330 its strength (Figures S11A and S11B). Without IPTG induction, basal LacZ activity was, 331 as expected, higher when gfp was driven by the strong promoter compared to the weak 332 promoter or the control template lacking gfp ( Figure S11C ). In addition, gfp expression 333 from the strong promoter reduced the apparent transcription elongation rate of lacZ 334 when its expression was induced with 0.2 mM IPTG ( Figure 6B ), consistent with our 335 model prediction. Thus, an antagonistic dynamics can also emerge from RNAPs on 336 separate genes. Figure 3B ). This long-distance assistance is not 357 additive as the mechanism does not benefit from an increase in RNAP density. As a 3A, S5, S6, S7 and S8) underestimate the reduction in apparent elongation rate when 368 the promoter becomes inactive. This is because the r values are calculated from the 369 time of induction and therefore take into account not only the elongation rate after the 370 promoter is shut off but also before it was shut off, i.e., when transcription elongation 371 was fluid and faster. As discussed above (see text related to Figure 2 ), we estimate that 372 it takes about three times longer for RNAPs to finish the last ~300 bp of lacZ 373 transcription when the promoter is turned off at 90 s compared to when the promoter 374 remains active. This implies that the average elongation rate is reduced from ~30 nt/s 375 down to ~10 nt/s upon promoter inactivation, which is considerably lower than the 376 average elongation rate of ~20 nt/s for a single RNAP ( Figures 4B and 4D) . In other 377 words, RNAPs appear to translocate slower than a single RNAP when the promoter is 
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The switch from collaborative to antagonistic group behavior following promoter protein synthesis arrest. This would be analogous to stopping a car by taking the foot off 396 the accelerator and not using the brake. However, our study shows that transcription 397 from a group of RNAPs provides a built-in brake that more rapidly halts the production 398 of proteins that are no longer needed.
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Our data are also consistent with an emergent group function that can negatively 
